Modeling the condensation of sulfuric acid and water on the cylinder liner of a large two-stroke marine diesel engine.
deposition of water and sulfuric acid at low load operation. A phenomenological engine model is applied to simulate the formation of cylinder/bulk gas combustion products and dew points comply with H2O-H2SO4 vapor liquid equilibrium. By assuming homogenous cylinder gas mixtures condensation is modeled using a convective heat and mass transfer analogy combined with realistic liner temperature profiles. Condensation of water is significantly altered by the liner temperature and charge air humidity while sulfuric acid condensation (the order is a few mg per cylinder every cycle) is proportional to the fuel sulfur content. Condensation takes place primarily in the upper part of the cylinder liner where a reduction of the surface temperature or saturated charge air provides that the deposited acid can be highly diluted with water.
INTRODUCTION
Combustion of heavy fuel oil with sulfur in marine diesel engines involves the formation of gaseous sulfur trioxide (SO3) and sulfur dioxide (SO2). Experimental [1, 2] and theoretical work [3] shows that SO2 is the primary sulfur compound and only a few percent is converted to SO3. The SO3 is however corrosive since it combines with water vapor [4] to form gaseous sulfuric acid (H2SO4). If the liner surface temperature is lower than the sulfuric acid dew point H2SO4 and H2O may condense on it and promote corrosion. Different empirical correlations describe the sulfuric acid dew point in terms of the H2SO4 and H2O vapor pressure [5, 6] . Other approaches use semi empirical activity coefficient models [7] [8] [9] [10] [11] [12] to describe the Vapor Liquid Equilibrium (VLE) of the binary H2O-H2SO4 mixture.
Uncontrolled corrosive attack can significantly reduce the life time of the cast iron cylinder liners in large two-stroke marine engines. In practice the lube oil film on the liner surface (distributed by the moving piston) serves to hamper corrosion through base additives. Schramm [13] formulated a 1D model of sulfuric acid and base diffusion through the film and reported that the acid is efficiently neutralized. However, deposited acid was based on estimates and the influence of water was not considered. Moreover lube oil absorption of SO2 in the presence of water may add to corrosion due to the formation of sulfurous acid [14] . Nagaki [15] modeled SO2 uptake in an oil film, compared results with experimental wear rates of piston rings and concluded that SO2 increases wear. Anyway, the solubility of SO2 depends on the oil type. It is e.g. much more soluble in motor oils than in mineral oils [16] . At room temperature SO2 is found to be soluble in water [17] but to a much smaller extend at the liner temperature (≈100 °C) that is restricted due to issues of the oil performance.
It is accepted that the presence of fuel sulfur leads to increased wear/liner corrosion but the impact of SO2 relative to H2SO4 is not clear. Little is also known about the order of H2O and H2SO4 condensation. Teetz [18] formulated a corrosive threat factor (without modeling condensation) based on the partial pressures of H2O and H2SO4 in the cylinder gas and argued that the thread is high in the top of the liner. For gas coolers with various geometries sulfuric acid condensation has been modeled using the Chilton-Colburn-analogy [19] [20] [21] . The analogy couples convective heat and mass transfer. In a numerical study on tubular cooler stacks Jeong [20] demonstrated that the analogy provides reasonable agreement with experimental data of H2O-H2SO4 condensation. Similarly, Land [22] examined sulfuric acid condensation on the cooled probe head of a dew point meter and demonstrated that condensation correlates with the heat transfer as long as acid mists are not formed.
Mist forms due to abrupt gas cooling from a surface and reduces the deposition of acid as it tends to follow the gas streamlines. Peak condensation rates were measured when the probe head was 20-30 °C lower than the sulfuric acid dew point. The overall instant heat transfer to the cylinder liner in a combustion engine is well-described [23] [24] [25] and typically based on simple Nusselt and Reynolds number correlations where model constants are fitted to match experimental heat loss data.
On the premise that non-condensable gasses act to hamper condensation Müller [26] introduced correction factors and formulated analytic expressions for the simultaneous condensation of sulfuric acid and water based on coupled heat and mass transfer. In a previous work [27] the authors studied the characteristics of sulfuric acid condensation (not water) on the cylinder liner of a large two-stroke marine diesel engine using fixed liner temperatures and applied Müllers expressions. The present work involves realistic liner temperatures and address condensation of both sulfuric acid and water. A phenomenological engine model [3] is used to simulate cylinder gas products. To retain the modeling level condensation is modeled through coupled heat and mass transfer where mist formation is neglected. Müllers corrections are found to have a faint influence in the present case, so the hampering effect of non-condensable gasses are ignored and VLE is assumed to exist at the gas-liquid interphase. Simulations demonstrate that condensation of sulfuric acid (through altered SO3 concentrations) varies with the degree of mixing between hot combustion products and fresh air in the cylinder. The engine model applies a calibrated yet simple mixing correlation to match experimental data of nitrogen oxides (NOx) in the exhaust. To assess its simplicity the effect of mixing in relation to condensation is addressed herein.
ENGINE MODEL
In this section, a brief description of the phenomenological engine model is provided. For further details, the reader is referred to the published material [3] . The model seeks to simulate a steady operating condition at 25 % engine load (80 revolutions per minute) of the large two-stroke marine engine specified in Table 1 . The low load is considered in this study to match modern service engines in large container vessels. Model inputs include an experimental fuel burn rate curve (evaluated from a heat release analysis of a measured cylinder pressure) and charge air properties (pressure and temperature) in order to simulate a measured cylinder pressure trace and model realistic gas temperatures during the compression and the expansion stroke. In practice, not all burned gasses are replaced by fresh air during the subsequent cylinder scavenging. Thus, a reasonable residual gas fraction of 3 % m/m is applied as model input. The fuel is modeled as n-dodecane (C12H26) including 2 % m/m non-bonded elemental sulfur (if not else is stated) and a detailed sulfur reaction mechanism [28] [29] [30] [31] combined with the extended Zeldovich mechanism [32] is applied to simulate formation of combustion products including sulfur oxides and nitrogen oxides. By adapting the mixing between combustion products and fresh gas within the cylinder as explained hereafter the model is calibrated according to a measured NOx concentration. CA ATDC that results in a sharp pressure rise before the pressure peaks at nearly 90 bar.
Manufacturer

MAN B&W Diesel
Type 4T50ME-X
Number of cylinders 4
Bore/stroke 500 mm / 2200 mm Max speed 123 RPM Max power 7050 kW Table 1 . Specifications of the modeled two-stroke marine diesel engine. where a particular BZ is formed also represents the share of the injected fuel that is burned in the BZ.
When a BZ is formed the fuel is stoichiometrically mixed with fresh gas and burns instantly. The fresh gas is composed largely by air (with or without water vapor) and includes the residual gas. The initial/flame temperature of a BZ is determined by conserving the total enthalpy of the BZ reactants (fuel and fresh gas) and the initial gas composition obey general chemical equilibrium. Fresh gas is hereafter mixed into the BZ (in a stepwise fashion) at each crank angle during the expansion stroke until the point where the exhaust valve opens (EVO). The mixing rate is assumed to be constant but should the local excess air ratio of a BZ at some point exceed the overall/trapped excess air ratio (defined by the trapped charge air mass and the fuel mass injected per cycle) then no more fresh gas is added to the BZ. No more fuel is added to a BZ and there is no gas exchange between BZ's either.
Consequently, a BZ grows leaner throughout the expansion stroke and has no spatial location (0D model). The process of BZ's from the point of fuel ignition is illustrated at different time steps ( = 1 ) in Figure 2 . For each BZ a fresh gas threshold is defined according to eq. 1 that is used to scale the rate of fresh gas mixing (ṁ ) per crank angle/computational time step as seen in eq. 2 where is the number of crank angles from and until EVO.
As the share of fresh gas in the cylinder ( ′) reduces relative to combustion products during combustion and expansion the mixing rate of subsequent BZ's is assumed to decrease accordingly by introducing ′ in eq. 2. Yet, ′ is constant for each BZ and provided by the share of fresh gas at the crank angle of its formation.
To examine the influence of fresh gas mixing into the BZ's the mixing factor is introduced. has no unit but should reflect the engine speed inversely whereby eq. 2 also considers time. Moreover, acts as a model calibration factor that can be adapted according to a measured exhaust gas NOx concentration. In contrast, , ′ and are governed by model inputs.
The effect of on BZ temperature and excess air ratio ( ) traces is illustrated for selected BZ's (1, 20
and 40) in Figure 3 . By definition; if = 1 then BZ number 1 (formed at ) is linearly mixed with fresh gas to the trapped/overall excess air ratio ( ) at EVO (110 CA ATDC). For subsequent BZ's the linear gradient is lower due to the implementation of ′ in eq. 2. If > 1 then BZ number 1 is mixed to before EVO and holds this value as seen in the figure. If < 1 none of the BZ's are mixed fully to .
Cylinder gas expansion and fresh gas mixing act to cool the BZ's. The ideal gas law and conservation of gas enthalpies govern the cooling. The temperature traces are lowered if is increased as shown in Figure 3 . The left most point on each trace in the figure represents the simulated stoichiometric flame condition. For all BZ's the flame temperature is ≈2500-2600K. The BZ temperature traces and mixing histories are used subsequently to integrate the chemical reaction rates (of the reaction mechanism) in the BZ's during the expansion stroke. The fresh gas starts being consumed (by the BZ's) when the fuel ignites and the fresh gas is modeled as a single uniform gas zone with a frozen species composition since its peak temperature (at max cylinder pressure) is less than 1000 K as seen in Figure 3 . 
VAPOR LIQUID EQUILIBRIUM
The applied H2O-H2SO4 VLE model [12] is used to determine sulfuric acid dew points and deals with an ideal gas phase in equilibrium with a liquid sulfuric acid solution. The saturation (partial) pressure ( ) of H2O and H2SO4 are related to the saturation temperature ( ) and the liquid sulfuric acid strength ( ) as seen in eq. 3 where subscript " " refers to water (w) or acid (a). is the liquid mole fraction, is the activity coefficient and 0 is the vapor pressure of the pure substance and provided in the literature [33, 34] . is derived from the Non-Random Two Liquid model (NRTL equation) wherein adjustable parameters are fitted to reproduce experimental data of pressure, vapor phase composition and liquid molar enthalpy as cited [12] . The VLE is valid for liquid acid concentrations up to 96 % m/m (in the temperature range from 0 -240 °C).
According to Gibbs phase-rule, the H2O-H2SO4 VLE provides two degrees of freedom and the saturation temperature that defines the sulfuric acid dew point temperature ( , ) can be found iteratively if and are known. The dew point of pure water vapor ( , ) is lower than ( , ) and determined by 0 only.
CONDENSATION MODEL
Condensation of H2O and H2SO4 is modeled on the basis of a homogenous cylinder gas mixture. I.e. the multiple gas species in the BZ's and the fresh gas are uniformly spread throughout the instant cylinder volume and gas properties are evaluated at the mean composition and temperature. The condensable species diffuse from the bulk cylinder gas to the liner surface, or more exactly, to the gas-liquid interphase on top of the very thin liquid condensate film that develops on the liner surface.
Condensation/phase transformation takes place at the gas liquid interphase only. I.e. supersaturation within the gas phase thermal boundary (realized by the large temperature difference between the bulk gas and the liner surface) is neglected.
The condensing (or evaporative) flux ( ) in eq. 4 is coupled to the convective mass transfer coefficient (ℎ , ) and the partial pressure difference ( = , − , ) between the bulk gas and the gas-liquid interphase. The bulk gas pressure of H2O and H2SO4 ( , ) relative to the crank angle position are outputs generated by the engine model (section 2.1). Transition from vapor to liquid phase is not rate limiting [26] and the surface pressure ( , ) in the gas-liquid interphase is provided by the VLE (section 2.2).
The gas dew points at each crank angle (evaluated from , ) are used to define two condensation cases:
In condensation case 1 the liner surface temperature ( ) is lower than ( , ) but higher than ( , ).
In this situation the condensing water represents an infinitesimal share of the H2O content in the bulk cylinder gas since the difference between , and , is very small. The equality is used together with eq. 3 (concerning H2O properties) to determine the condensing acid strength in the gas liquid interphase ( ) through an iteratively procedure where = , and = are used as input. By applying the calculated value of and = to eq. 3 (concerning H2SO4 properties) the H2SO4 surface pressure ( , ) needed to calculate (eq. 4) is determined. The VLE in the gas liquid interphase requires that the flux of water in condensation case is:
In condensation case 2, is lower than , and the condensing acid is highly diluted by water since >> . Hence, and , are practically zero which means that , is equivalent to the saturation pressure of pure H2O vapor at = .
A coupling between convective heat and mass transfer is shown to exist if the functional form of the thermal and the species boundary layer is the same [35] . Fundamentally, the dimensionless temperature and species gradient at the surface = ( , ) and ℎ = ( , ) respectively are linked as shown in eq. 5 where is a turbulent exponent of less than one.
The heat and mass transfer analogy is suited for low mass transfer rates i.e. when the driving force is moderate [36] which applies for both 2 and 2 4 in the present case. In eq. 6 the analogy is rewritten and expressed as the ratio between the convective heat (ℎ ) and the convective mass
describes the ratio of thermal and mass diffusivity ( , ). In this work , is approximated using the binary diffusion coefficient of H2O or H2SO4 in a large excess of air. At atmospheric pressure , = 0.08 cm 2 s -1 at 296 K [37] and , = 0.260 cm 2 s -1 at 293 K [38] . The effect of gas temperature and pressure on the , coefficients can be approximated using 
During condensation a very thin liquid film forms on the liner surface. Heat is conducted through the film and is composed by convective heat ( ) plus latent heat ( ) that is liberated by the condensing species. In a diesel process >> so the overall heat transfer is by far governed by . The convective heat transfer coefficient (ℎ ) is determined using Woschnis correlation [25] wherein empirical coefficients are adjusted to simulate the heat loss of the modeled engine. The correlation provides the mean ℎ -value at each crank angle position that this closely coupled to the cylinder pressure ( Fig. 1) .
It can be shown that the orientation of the reversible reaction R.1 is highly orientated towards the left hand side for the BZ-temperature traces. H2SO4 does therefore not form in the hot cylinder gasses.
Yet, when modeling sulfuric acid condensation it makes sense to lump SO3 and H2SO4 of the bulk gas since R.1 is very fast and highly orientated to the right hand side at temperatures equivalent to .
Very close to the liner surface (just prior to condensation) SO3 from the bulk cylinder gas is thus assumed to convert fully to gaseous H2SO4 with readily available water vapor. I.e. , and therefore also , in the condensation model is essentially coupled to the 3 bulk gas pressure.
3. RESULTS Figure 4 shows calculated cylinder gas concentrations of SO3 during the expansion stroke at different fresh gas mixing intensities expressed by β where ≈ 0.75 represents a calibrated -value. The widespread -range is applied in order to stimulate especially the effect of gas mixing on sulfuric acid condensation. For simplicity is assumed to have no influence on the fuel burn rate and pressure history. In the initial stage of combustion the fuel sulfur is converted to SO2 on a time scale comparable to the fuel oxidation reactions [40] . SO3 forms moderately (at the expense of SO2) during the expansion stroke but the governing reactions freeze as the gas cools and the concentration tends to stabilize as illustrated in the figure. The fraction of the fuel sulfur that is converted to SO3 � = [ 3] [ 2]+ [ 3] � illustrated in the figure shows that accounts for a few percent at EVO and elevated gas mixing promotes SO3 formation. The calculated SO3-fraction falls within the reported range [1, 2] and scales closely with 4/9 . and H2SO4 vapor in the top land crevice is disregarded. Condensation is therefore only modeled on the share of the liner surface that is in contact with a moving piston ring and a liner segment is only exposed to the cylinder gas once the piston top has passed it during the expansion stroke.
In Figure 4 dew point traces ( , ) resulting from the widespread -range are plotted against the position of the piston top that is normalized by the engine stroke. When the fuel ignites the top is positioned above the sliding part of the liner at a relative position of less than zero. At the same time , and , increase sharply along with the rapid pressure rise. , is coupled to the SO3 pressure and thereby to . With the applied -values the trace is altered approximately 30-40 °C and is generally exceeding . Except in the very top of the liner at = /10 where condensation is followed by evaporation at the point where the black dash-dotted line intersects with , . Referring to it seems however most likely that sulfuric acid will condense continuously on the exposed liner surface until EVO. Formation of H2O vapor is independent of and reflects the fuel burn rate so the , trace therefore applies to all -values. , peaks during combustion and condensation of "pure water" is confined to the top of the liner where , exceeds .
To deal with the unknown gas turbulence intensity the mass transfer is modeled at laminar and turbulent conditions by setting (eq. 6) to 1/3 and 1 respectively. In Figure 5 represents the integrated mass of deposited sulfuric acid on the cylinder liner at EVO. The order is a few milligrams and mirrors the SO3-trace with respect to in Figure 4 . At = the laminar and the turbulent mass transfer provides that is 0.6 mg and 1.2 mg respectively. Most of the acid condense irrespective of on the upper half of the liner as illustrated by the relative mass distribution ( ′′ ).
I.e. on the liner segments that are exposed to the cylinder gas for the longest time, the highest SO3
pressures and heat transfer rates.
Although the H2O pressure trace is independent of , must like alter with according to the -relation in condensation case 1 as described earlier. For the applied surface temperature profile the deposition of water ( ) on the liner surface is comparable to since the liner area where < , is limited. However, within this area nearly "pure water" is condensing and explains the peaks of the water mass distribution ( ′′ ) in Figure 5 . In-house measurements have shown that of the exhaust gas is ≈4 % at 25% engine load and agrees fairly with the modeled -value at (Figure 4 ). Throughout the rest of the paper results therefore apply to = .
The engine cylinders are charged with cooled and pressurized ambient air at a humidity ( ) determined by the ambient humidity, charge pressure and temperature. Saturated charge air conditions ( = 1) are frequent at sea and it significantly increases the H2O concentration/pressure of the cylinder gas as can be seen in Figure 6 . Moreover the share of the liner that is subject to "pure water" condensation ( < , ) increases with . Consequently at = 1 is about 20 times higher compared to the case with dry air ( = 0) as illustrated. Throughout the cycle ≈ 1 and is rather determined by ∆ (eq. 4) than the turbulence intensity ( ).
is practically constant as the modeled SO3 concentration is highly independent of as illustrated. Since the beginning of 2012 the sulfur limit of heavy fuel oils has been 3.5 % m/m as set by the International Maritime Organization. However fuels with a higher sulfur content are accepted when e.g. exhaust gas scrubbers are installed onboard the vessel to remove sulfur oxides from the exhaust gas. The role of the fuel sulfur in terms of condensation is studied with the assumption that the fuel burn rate, heating value and H2O concentration is the same irrespective of the sulfur content. With the engine model it can then be shown that of the exhaust gas is largely the same when the sulfur content is between 0.5 % m/m and 5 % m/m. It then follows that the SO3 concentration in the exhaust gas increases linearly with the sulfur content. Yet, at the same time the , -trace is not highly affected as shown in Figure 8 . Like in Figure 7 , can exceed , in the very top of the liner but with very little influence on . Thus, as , is generally exceeding , the results in Figure 8 suggests that the deposition of acid follows the response of SO3 and increases linearly with the sulfur content as illustrated by in the figure. 
DISCUSSION
When modeling the combined condensation of sulfuric acid and water on the cylinder liner of a large two-stroke marine diesel engine the applied assumption of a homogenous cylinder gas mixture is not entirely true. In reality the heterogeneous composition combined with irregular turbulence intensities of the mixing controlled combustion process challenge the modeled dew points and condensation rates. In addition gaseous H2SO4 may undergo supersaturation and form acid mists (due to abrupt cooling from the liner) in the thermal boundary layer at the gas-liquid interphase. The applied heat and mass transfer analogy does not account for mist formation and could overestimate the deposition of sulfuric acid as the mist tends to follow the gas stream lines [22] . Possible interferences of H2SO4 interactions with fuel impurities or particulate matter might also inhibit deposition. Nevertheless several trends of condensation of sulfuric acid and water can be retrieved:
The liner temperature is generally lower than the sulfuric acid dew point. Acid appears therefore to condense continuously on the share of the liner surface that is exposed to the cylinder gas during the expansion stroke. As a consequence, the deposition will increase with the fuel sulfur content through elevated SO3 concentrations. Experimental work performed with a heavy duty engine [1] shows that more fuel sulfur is converted to SO3 if the operating pressure increases. The deposition of acid is therefore expected to increase accordingly. The present work finds that most of the acid will condense on the upper part of the liner. In the top of the liner the acid is diluted with condensing water and the extend of dilution is governed by the liner temperature and charge air humidity.
In practice corrosion is known to be most severe in the top of the liner. More specifically around the positon of the piston rings at TDC. Different electrochemical reactions may be involved when the cast iron liner is corroding. Sulfuric acid can corrode the liner through a reaction where hydrogen is replaced [14] but without the electrochemical effect of water reaction R.2 is quite slow.
It is accepted that aqueous solutions of sulfuric acid is more aggressive than concentrated acid [18, 41] .
For corrosion caused by exhaust gasses it is also mentioned that the sulfur content combined with the onset of pure water condensation is critical [42] . Corrosion from pure water is comparably slow.
However the moist air in coastal regions is known to promote corrosion through a comparably high electric conductivity of the moisture that is explained by the presence of sodium chlorine in the sea water.
SO2 in the cylinder gas may promote corrosion by forming sulfurous acid [14] if it dissolves in condensed water as illustrated in the overall reaction (R.3). Yet, the significance of SO2-corrosion is questionable as the sulfurous acid is a weak acid and since the SO2 solubility [17] is very low at the applied liner temperatures.
CONCLUSION
Condensation of sulfuric acid and water on the cylinder liner of a large two-stroke marine diesel engine is modeled at a low power output matching modern service engines. A phenomenological 0D engine model involving a detailed gas phase reaction mechanism is combined with H2O-H2SO4 vapor liquid equilibrium to compute dew points. Condensation is modeled through coupled heat and mass transfer by assuming a homogenous cylinder gas mixture and by implementing realistic model liner temperature traces. Deposition of liquid sulfuric acid is a few milligrams on the liner every cycle and varies linearly with the fuel sulfur content. Most acid condenses on the upper part of the liner.
Pure water tends to condense on the top of the liner and may highly dilute the acid if the charge air is humidified or if the liner temperature is in the low range of the normal liner temperature range. 
